Both FGD systems use limestone as reagent and operate in forced oxidation 112 mode in order to ensure the conversion of the captured SO 2 to CaSO 4 ·2H 2 O. The 113 gypsum slurry was discharged over filters, previous separation of the liquid fraction by 114 hydro-cyclones which was re-used in the scrubber. In PP1 the limestone slurry was 115 prepared by mixing the pulverised limestone with the process water (taken from a 116 nearby reservoir and subsequently treated to reduce the content of salts) and a fraction 117 of the re-circulated water in the reagent tank. The remaining filtered water (45%) was 118 6 sent directly to the spray nozzles of the scrubber. In PP2 the filtered water was sent 119 directly to the spray-nozzles and was not used in the preparation of the limestone slurry. 120
In this plant the limestone slurry is prepared with process water also arising from a 121 nearby reservoir. Furthermore, an aluminium additive was injected into the scrubber of 122 PP2 plant in order to improve the sorption of SO x by Ca and to favour the reaction of F 123 with the Al preventing the presence of F in the gypsum (Álvarez-Ayuso et al., 2008; 124 Font et al., 2008) . It should be pointed out that the amount of additive dosed to the 125 scrubber was in 2007 twice the amount added in 2008. 126
The sampling campaigns were carried out at 100% maximum capacity and 100% 127 desulphurisation over two consecutive days. Solid, liquid and gaseous streams were 128 collected simultaneously from each power plant in order to calculate the mass balance 129 of mercury. The solid samples were mixed, crushed, milled and rafted and 130 representative samples of each sampling day were analysed. The water streams and gas 131 trapping solution samples were filtered in situ. K 2 Cr 2 O 7 was employed to stabilize the 132 mercury in the solutions. All the samples were divided into two groups for analysis in 133 two separate laboratories [a] and [b] . 134
The concentration of mercury in the gas was measured at two different sampling 135 points, upstream, (IN Querol et al. (1995) whereas the particulate Hg contents were determined 148 directly from the quartz filter samples. 149
Lab-scale tests 150
In order to investigate the different mercury behaviour observed during the two 151 sampling campaigns carried out in PP2, a lab-scale device was built (Fig. 1) . The 152 apparatus consists of a closed glass vessel in a thermostat system to ensure a constant 153 temperature. A calibration gas generator system (HOVACAL, IAS GmbH) coupled 154 with an evaporator was used to generate oxidised mercury in gas phase. 155
Limestone slurry was prepared using sulphuric acid and the limestone collected 156 during the sampling campaign in PP2. A simulated flue gas containing nitrogen, oxygen 157 and a known amount of mercury was passed through the slurry solution. When sulfite 158 ions were added to the reaction vessel flue gas only contained mercury and nitrogen in 159 order to favour Hg 0 formation. A continuous mercury emission monitors (VM3000) was 160 used to follow elemental mercury concentration in gas phase. The continuous mercury 161 analyser was replaced by Ontario-Hydro sampling train when mercury speciation at the 162 gas outlet was necessary. 163 
Mercury mass balances 178
In order to validate the design of the sampling campaign and to assure the 179 reliability of the results, the following mass balance calculations were performed: i) 180 through the entire installation (total) ii) around the Boiler + ESP and iii) around the 181 FGD system. The different stream flows are based on information provided by the 182 power plant. 183 Table 1 shows all the inputs an outputs considered for the mass balance 184 calculations therefore the achieved mass balance closure. In general good mass balance 185 closures were achieved, with Out/In ratios ranging from 0.8 to 1.0 (Table 1) . Mercury 186 flows of the different sampled streams are shown in Fig. 2 . As expected, the feed fuel 187 blend is the main source of mercury in the combustion process. In PP1 this input was 16 188 g h -1 of mercury and it was higher in PP2, close to 30 g h -1 (Table 1 ). An additional 189 contribution to mercury input in PP2 came from the re-circulated water (45 to 50 g h -1 ), 190 but this was compensated for by the mercury output from the scrubber, the gypsum 191 slurry (water + solid gypsum), 60 and 53 g h -1 in PP2 (2007) Mercury behaviour during combustion was similar in the two power plants. A 198 very low proportion of the incoming mercury was retained in the slag (< 0.1%), whereas 199 in the pulverised fly ash only 10% was captured. Due to the high volatility of mercury, 200 most of this element (86 at PP1 and 78-89% at PP2) escapes the ESP in gas phase. As a 201 result 11 and 25-27 g h -1 of mercury reached the FGD system in gas phase in PP1 and 202 PP2, respectively (Table 2) . respectively. Most of this gaseous mercury was found to be in oxidised form. In PP1, 214 74% of the incoming mercury was Hg 2+ whereas in PP2 it was 85 and 88% for each 215 sampling campaign. These results agree with the generally held view that HgCl 2 can be 216 expected to be the predominant species under the typical operating conditions of ESP 217 prior to entry into the FGD plant (Meij and Te Winkel, 2006) . 218 A relatively high total mercury removal was achieved in the scrubber of PP1 219 (72%) and PP2 (2007) (65%). However a lower total mercury abatement was attained 220 during the second sampling campaign in PP2 (26%) ( Table 3) . As was expected, due to 221 the different solubility of Hg species, elemental mercury passed through the FGD 222 systems being emitted in gaseous form. The emission of elemental mercury represents 223 3-5% of the total mercury input. The fact that the quantity of elemental mercury at the 224 FGD outlet and inlet was found to be similar implies that oxidised mercury reduction 225 and re-emission as elemental mercury that take place in some FGD plants (Meij and Te However, this variation in mercury concentration cannot explain the different mercury 234 behaviour in the FGD plant in the two sampling campaigns of PP2. In order to explain 235 this fact, a thorough investigation on mercury behaviour in FGD systems has been 236 carried out using a lab-scale device (Fig. 1) . As a first approach it was considered that in 237 these Spanish power plants an important flow of water coming from the scrubber is re-238 circulated. As a consequence, a high concentration of mercury can be reached in the 239 FGD water stream, representing a serious drawback because equilibrium between the 240 aqueous and gas phases would lead to the formation of the gaseous form of mercury 241 according to the Henry´s Law. So a sequence of tests has been carried using different 242 mercury concentration in the scrubber solution. The results (Fig. 3a) show that in the 243 experimental conditions an increase in mercury concentration in flue gas favours 244 mercury reduction and re-emission. However no correlation with the amount of Hg 2+ in 245 gas phase was observed. Consequently the variation in mercury concentration cannot 246 explain the different mercury behaviour in the FGD plant in the two sampling 247 campaigns of PP2. 248
In addition to mercury content, variations in the concentration of other 249 components in the gas and aqueous phases may play an important role. The content of 250 halogen in both the gases and water is also known to modify mercury behaviour and 251 mercury oxidation (Senior, 2007) . Although the proportion of mercury species and 252 chloro input in the FGD were similar in the 2 samplings at PP2, the fluorine content 253 differed (Table 2) respectively). However, lab-tests show that no effect on oxidised mercury removal 257 should be expected due to fluorine concentration in the scrubbing liquor. Experiments 258 with fluorine concentrations of 0-4000 ppm have been carried out. However, no 259 differences between oxidised mercury in the gas coming from the scrubber were 260 detected. 261
Finally the influence of the liquid/gas ratio (L/G) has been tested. For the lab-262 scale tests the amount of liquid remained constant while the amount of gas passing 263 through the system was increased. This parameter is directly related to residence time of 264 the gases in the scrubber. Results show that oxidised mercury capture decreases when 265 gas flow through the FGD increases (Fig. 3b) . Most of the oxidised mercury is captured 266 in the scrubber until a gas flow value in which the oxidised mercury capture decreased 267 notably, probably due to the low residence time of the gas in the scrubber. This fact 268 reveals that the low oxidised mercury removal in PP2 (2008) is probably due to L/G 269 ratio. Although the flow of the limestone slurry was quite similar in both sampling 270 campaigns in PP2, the gas flow through the scrubber was a 16% higher in 2008 than in 271
2007 producing a decrease in the residence time of the gases in the scrubber and a lower 272 oxidised mercury removal. The oxidised mercury that is not dissolve in the aqueous 273 phase goes out to the FGD. 274
Mercury partitioning in the FGD by-products 275
Mercury partitioning in the FGD by-products was also observed to differ during 276 the three sampling campaigns (Fig. 4) . In PP1 most of the outgoing mercury was 277 associated with the FGD gypsum (67%) while a low proportion was trapped by the 278 gypsum slurry water (5%). The rest of the gaseous mercury input remained in gas phase 279 
Conclusions 295
The amount of mercury removed in a FGD unit is highly influenced by the 296 mercury concentration entering the scrubber. This parameter is clearly related to the 297 amount of mercury fed to the boiler and to the efficiency of the particle control device. 298
However, it should be remarked that a high amount of mercury and other species such 299 as halogens, are being introduced to the scrubber due to the recirculation of the water. 300
Moreover, the results discussed in this work underline the importance of carrying out a 301 thorough control of the working conditions in the scrubber, being the L/G ratio an 302 important parameter related to the oxidised mercury removal due to mass transfer and 303 the gas residence time in the scrubber. 304
The use of an additive in PP2 favours the presence of mercury in the aqueous 305 phase avoiding its association with the resulting gypsum. However some precaution 306 should be taken because this water can be partially re-circulated to the scrubber. 
